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Edited by Hans EklundAbstract Here, we present the crystal structure of the family 31
carbohydrate-binding module (CBM) of b-1,3-xylanase from
Alcaligenes sp. strain XY-234 (AlcCBM31) determined at a res-
olution of 1.25 A˚. The AlcCBM31 shows aﬃnity with only b-1,3-
xylan. The AlcCBM31 molecule makes a b-sandwich structure
composed of eight b-strands with a typical immunoglobulin fold
and contains two intra-molecular disulﬁde bonds. The folding
topology of AlcCBM31 diﬀers from that of the large majority
of other CBMs, in which eight b-strands comprise a b-sandwich
structure with a typical jelly-roll fold. AlcCBM31 shows struc-
tural similarity with CBM structures of family 34 and family
9, which also adopt structures based on immunoglobulin folds.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Many glycoside hydrolases are modular proteins composed
of catalytic modules appended to one or more non-catalytic
carbohydrate-binding modules (CBMs). CBMs bind to a range
of polysaccharides that include not only crystalline cellulose
but also hemicelluloses such as glucan, xylan, mannan, and
glucomannan. The primary function of CBMs is to increase
the catalytic eﬃciency of the enzymes against soluble and/or
insoluble substrates by bringing the catalytic module into pro-
longed and intimate contact with its substrate [1,2]. To date,
many CBMs have been identiﬁed and are classiﬁed into 43 dif-
ferent families in the CAZy database [3] (http://afmb.cnrs-
mrs.fr/CAZY/) by sequence similarity and biochemical
function. CBMs display substantial variation in ligand speciﬁc-
ity. Thus, CBMs are excellent paradigms for studying the
mechanism of protein–carbohydrate recognition.
The b-1,3-xylanase from marine bacterium Alcaligenes sp.
strain XY-234 (TxyA) is composed 447 amino acids with a
molecular mass of 50 kDa. TxyA consists of two modular do-Abbreviation: CBM, carbohydrate-binding module
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doi:10.1016/j.febslet.2005.06.062mains, a catalytic domain (CD) (residues: 23–348) and a CBM
(residues: 376–469) [4,5]. These two domains are linked together
by a glycine rich region (residues: 349–375). The CD, which pos-
sesses the activity of hydrolysis of b-1,3-xylan, belongs to family
26 of glycoside hydrolases. The CBM of TxyA is classiﬁed into
family 31 (AlcCBM31) in the CAZy database. To date, ﬁve
CBMs includingAlcCBM31 from four diﬀerent organisms have
been identiﬁed in family 31. The four others are CBM31s from
Vibrio sp. XY-214 (VibCBM31) [6], from Vibrio sp. AX-4
(VibCBM31-1 and VibCBM31-2) [7], and from Pseudomonas
sp. ND137 (PseCBM31) (Accession No. AB063257). The
binding abilities of AlcCBM31 to a number of polysaccharides
including b-1,3-glucan, b-1,4-glucan, b-1,4-mannan, b-1,3-
xylan, and b-1,4-xylan have previously been investigated [5].
Of the polysaccharides studied, b-1,3-xylan was the only one
for which binding activity could be detected. Furthermore, since
xylose and b-1,3-xylooligosaccharides have no eﬀect on the
binding between AlcCBM31 and b-1,3-xylan, recognition of
b-1,3-xylan by AlcCBM31 is not governed simply by the b-
1,3-xylooligosaccharide chain [5]. AlcCBM31 might recognize
the size and the shape of b-1,3-xylan. Here, we report the high-
resolution X-ray crystal-structure analysis of AlcCBM31. This
is the ﬁrst three-dimensional structure analysis of a CBM31
and is, thus, expected to facilitate the structural and functional
studies of CBM31s and b-1,3-xylanases.2. Materials and methods
AlcCBM31 (residues: 375–469) was overexpressed and puriﬁed as
described previously [5]. Puriﬁed AlcCBM31 was concentrated up to
a concentration of 25 mg/mL in a buﬀer solution of 10 mM Tris–
HCl (pH 7.8). Crystals of AlcCBM31 were grown in a reservoir solu-
tion of 100 mM HEPES (pH 7.8), 1.5 M ammonium sulfate, and
15% glycerol at 293 K in a week. Heavy atom derivatives were pre-
pared by using a solution of 100 mM HEPES (pH 7.8), 1.5 M ammo-
nium sulfate, 15% glycerol, and 10 mM K2PtCl4 for a week. Before
X-ray experiments, crystals were transferred to cryoprotectant buﬀer
(100 mM HEPES (pH 7.8), 1.5 M ammonium sulfate, and 17.5% glyc-
erol) with a nylon loop and cooled in a N2 gas stream at 100 K. The
crystals belongs to the space group of P212121 with the cell dimensions
of a = 66.5, b = 78.2 and c = 111.4 A˚. Diﬀraction intensity data of na-
tive and Pt-derivative crystals were collected with a Jupiter210 CCD
detector (RIGAKU MSC Co.) at BL45PX of SPring-8. Data thus col-
lected were integrated, merged and scaled with the programs HKL2000
[8] or CRYSTALCLEAR [9]. Structure determination of AlcCBM31
was performed by single isomorphous replacement including the
anomalous scattering method with the program SOLVE/RESOLVE
[10]. The structure of AlcCBM31 was built with the program O [11]ation of European Biochemical Societies.
Table 1
Statistics of data collection and structure reﬁnement
Native Pt derivative
Unit cell parameters
a (A˚) 66.5 66.8
b (A˚) 78.2 78.7
c (A˚) 111.4 111.9
Resolution (A˚) 1.25 2.20
Number of measured reﬂections 605862 225037
Number of unique reﬂections 153374 30638
Rmerge
a,b (%) 6.9 (37.5) 8.8 (35.7)
Completeness of dataa (%) 95.4 (83.6) 99.6 (99.7)
I/sigIa 12.7 (2.4) 12.6 (1.39)
R-factora,c (%) 14.8
Rfree
a,c (%) 16.5
Number of protein atoms 4530 (6 molecules)
Number of water molecules 571
RMSD bonds (A˚) 0.023
RMSD angles () 1.912
aValues for highest-resolution shells are shown in the parentheses.
bRmerge =
P
|I  ÆIæ|/PI.
cR-factor and Rfree =
P
iFo|  |Fci/
P
|Fo|, where the free reﬂections
(5% of total used) were held aside for Rfree throughout reﬁnement.
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with TLS parameters. Finally, the structure was reﬁned with the pro-
gram REFMAC5.2 with anisotropic temperature factors. Geometry
of the ﬁnal structure was checked with the program PROCHECK
[14]. The model has good stereochemistry, with 91.4% of the residues
in the most favored conformation of a Ramachandran plot with no
residues in the disallowed regions. Secondary structure of AlcCBM31
was deﬁned with the program DSSP [15]. Statistics of crystallographic
data are summarized in Table 1. Final coordinates and the structure
factors of AlcCBM31 were deposited in the Protein Data Bank
(PDB code 2COV). Figs. 1 and 4 were prepared with the program PY-
MOL (http://pymol.sourceforge.net/). Figs. 2A, 4A and C were pre-
pared with the programs MOLSCRIPT [16] and RASTER3D [17].3. Results and discussion
3.1. Overall structure of AlcCBM31
The crystal structure of AlcCBM31 was determined at
1.25 A˚ resolution. Six molecules, A, B, C, D, E, and F ofFig. 1. Overall structure of AlcCBM31. (a) Hexameric structure of AlcCBM
symmetries are shown. A black triangle and three black arrows indicate pseAlcCBM31 are assembled with 322 symmetry in the asymmet-
ric unit and form a spherical hexamer with approximate
dimensions of 55 · 55 · 65 A˚ (Fig. 1A and B). RMS deviations
of the six molecules range from 0.15 to 0.35 A˚, showing that
the six molecules are almost identical to each other. Solvent
accessible surface area and buried surface area of the hexamer
are 23250 and 8085 A˚2, respectively. The hexamer is con-
structed as a trimer of prolate-ellipsoidal dimers AB, CD,
and EF. In each dimer, the b8, which is the longest b-strand
in one monomer (Fig. 2A), interacts with that of the other
monomer in an anti-parallel manner and forms a large eight-
stranded anti-parallel b-sheet between the two monomers
(Fig. 1A). Solvent accessible surface area and buried surface
of the dimer are 9449 and 1149 A˚2, respectively. The hexamer
might be an artifact by crystallization or truncation because
gel ﬁltration experiment of AlcCBM31 suggests a dimer forma-
tion (19 kDa). On the other hand, gel ﬁltration of the full
length b-1,3-xylanase (TxyA) shows that the full length protein
exists as a monomer in solution. It is, therefore, conceivable
that the minimal functional unit of CBM is a monomer.
3.2. Monomer structure of AlcCBM31
The AlcCBM31 molecule consists of eight b-strands (b1–b8)
and one 310 helix near the N-terminus and forms a typical
immunoglobulin fold, where b1, b2, b6, and b5 in one anti-
parallel b-sheet, are in face to face contact with b4, b3, b7,
and b8 in another anti-parallel b-sheet (Fig. 2A and B). Sol-
vent accessible surface area of the monomer is 5307 A˚2.
AlcCBM31 contains two intra-molecular disulﬁde bonds be-
tween Cys382 and Cys468 and between Cys413 and Cys417.
SS-1 between Cys382 and Cys468, which are located in the
N- and C-terminal loop regions, respectively, bridges the N-
and C-termini and stabilizes the loop regions. SS-2 between
Cys413 and Cys417, which are located in b3 and b4, respec-
tively, stabilizes the anti-parallel b-sheet formed by b3, b4,
b7, and b8. Fig. 3 aligns amino-acid sequences of the
ﬁve CBM31s (AlcCBM31, VibCBM31, VibCBM31-1,
VibCBM31-2 and PseCBM31). Cys413 and Cys417 that form
SS-2 are absolutely conserved in the all CBM31s, indicating31 in the asymmetric unit. (b) Top view of (a). Non-crystallographic
udo 3-fold and pseudo 2-fold symmetries, respectively.
Fig. 2. Ribbon representation and topology diagram of monomeric AlcCBM31 are shown in (a) and (b). Secondary structures are labeled. Two
disulﬁde bonds (SS-1 and SS-2) are shown as green colored sticks. Solvent-exposed aromatic residues are shown as ball-and-stick models. The colors
of b-strands are corresponding to those in (a). Ribbon representations of CBM34 and CBM9 are shown in (c) and (e), respectively. Secondary
structures of both polypeptides were assigned by the program DSSP [15]. b-Strands colored pink and pale blue are formed into the immunoglobulin
fold with these colors corresponding to the AlcCBM31 structure. Topology diagrams of CBM34 and CBM9 are shown in (d) and (f), respectively.
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also form disulﬁde bonds between the corresponding residues.
This suggests that SS-2 is of great importance for structure–
function relationships in all CBM31s. Cys382 and Cys468 that
form SS-1 are conserved in four CBM31s except for
PseCBM31, and are likely to be involved in structuralstabilization of the four CBM31s by bridging the N- and C-ter-
minal regions.
3.3. Comparison with other CBMs
So far three-dimensional structures of many CBMs have
been determined by X-ray diﬀraction and NMR spectroscopy.
Fig. 3. Sequence alignment of ﬁve CBM31s (AlcCBM31, VibCBM31, VibCBM31-1, VibCBM31-2 and PseCBM31) and secondary structure
assignments of AlcCBM31 Identical residues are highlighted by black backgrounds.
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terms of structural similarity. Although no formal classiﬁca-
tion had been performed, Boraston et al. classiﬁed all CBM
structures into seven structural families (b-sandwich, b-trefoil,
cysteine knot, unique, OB fold, hevein fold, and unique con-
taining hevein-like fold), with b-sandwich structures the most
frequent, being found in families 2, 3, 4, 6, 9, 15, 17, 22, 27,
28, 29, 32, 34, and 36 CBMs [18]. These b-sandwich structures
consist of two b-sheets, each consisting of 3-6 anti-parallel b-
strands which mainly adopt jelly-roll folds. AlcCBM31 also
has a b-sandwich structure composed of eight b-strands, but
the structure is based on a typical immunoglobulin fold. Se-
quence similarity indicates that four other CBM31s also adopt
typical immunoglobulin folds.
The closest structural homologue produced from a search
using the DALI server (http://www.ebi.ac.uk/dali/) is gp130
fragment (PDB code 1BQU) with a Z-score of 7.3. The second
and third closest structures are interleukin-6 receptor alpha
chain fragment (PDB code 1N26) and tenascin fragment
(PDB code 1QR4) with Z-scores of 7.0 and 6.9, respectively.
These three structures all have a typical immunoglobulin fold.
AlcCBM also shows similarity to the N domain of b-amylase
II (Fig. 4A, PDB code 1BVZ) and domain B of glucodextran-
ase (PDB code 1UG9) with Z-scores of 6.2 and 6.1, respec-Fig. 4. Molecular surface of AlcCBM31. Exposed tyrosines and
tryptophan are colored by orange and magenta, respectively.tively. The N-domain of b-amylase II (TVA II) is classiﬁed
into family 34 CBM (CBM34) and adopts an immunoglobulin
fold (Fig. 4B). Recent structural studies revealed that the N-
terminal domain of b-amylase I (TVA I), which is also classi-
ﬁed into CBM34, acts as a starch-binding domain [19]. The
function of domain B of glucodextranase, however, is less clear
although there is speculation as to its possible function [20].
AlcCBM also shows similarity to the CBM of endo-1,4-b-
xylanase (Fig. 4C, PDB code 1I82) with a Z-score of 4.9. This
is classiﬁed into family 9 CBM (CBM9). We investigated the
folding topology of CBM9 and it is shown in Fig. 4D. This re-
veals that CBM9 adopts a structure based on an immunoglob-
ulin-like fold, although additional secondary structures are
inserted. Therefore, CBMs which adopt an immunoglobulin
fold belong together in a structural sub-family of CBMs within
the b-sandwich family.
Although it is the ﬁrst crystal structure of a family 31 CBM,
it is not the ﬁrst CBM of a xylanases reported. Structures of
family 6, 13, 15 and 36 CBMs of xylanases have been deter-
mined in complex with carbohydrates. CBM6 (PDB code
1UXX), CBM13 (PDB code 1XYF), CBM15 (PDB code
1GNY) and CBM36 (PDB code 1UX7) bind carbohydrates
with deep grooves. Molecular surface of AlcCBM31 does not
show an obvious binding groove (Fig. 4). Interaction with a
carbohydrate by AlcCBM31 might be diﬀerent from that by
other CBMs from b-1,4-xylanase.
3.4. Carbohydrate binding
A classiﬁcation based on substrate bindings has been pro-
posed, where CBMs have been grouped into three types: ‘‘sur-
face-binding’’ CBMs (Type A), ‘‘glycan-chain’’ binding CBMs
(Type B), and ‘‘small sugar binding’’ CBMs (Type C) [15].
Type A CBMs bind insoluble polysaccharides. For substrate
binding, Type A CBMs provide planar platforms composed
of aromatic amino-acid side-chains, which are exposed to sol-
vent. Substrate binding sites of Type B CBMs are described as
grooves, and comprise several sub-sites able to accommodate
the individual sugar units of the polymeric ligand. Although
substrate moieties are recognized by aromatic side-chains like
Type A CBMs, the side chains of tryptophan, tyrosine, and
less commonly phenylalanine can form planar, twisted or
sandwich platforms for substrate binding. The CBM31s con-
ceivably belong to Type B and binds b-1,3-xylan through
aromatic side chains exposed to solvent. Fig. 4 shows the
molecular surface of AlcCBM31 and exposed aromatic residues
4328 H. Hashimoto et al. / FEBS Letters 579 (2005) 4324–4328are highlighted. Accessible surface areas of Tyr390, Trp409,
Tyr411, Tyr417 and Tyr450 are 17, 29, 26, 43 and 59 A˚2, respec-
tively. Among those residues, Tyr390 and Tyr411 are abso-
lutely conserved and Trp409, Tyr417 are highly conserved
(Fig. 3). Thus, these four aromatic residues are suggested to
be involved in binding the b-1,3-xylan.
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